]i sensitivity in female veins render them more prone to dilation. These sex-specific reductions in venous function, if they also occur in human veins, may play a role in the greater incidence of varicose veins in females.
however, the venous mechanisms involved are unclear. We hypothesized sex-related differences in venous function and underlying distinctions in intracellular free calcium, [Ca 2ϩ ]i, signaling and Ca 2ϩ -dependent mechanisms of venous contraction. Circular segments of inferior vena cava (IVC) from male and female Sprague-Dawley rats were suspended between two hooks, labeled with fura-2, and placed in a cuvet inside a spectrofluorometer for simultaneous measurement of isometric contraction and the 340/380 fluorescence ratio ( ]i-contraction relationship was superimposed in male and female IVC. In contrast, the PHE-induced [Ca 2ϩ ]i-contraction relationship was reduced and located to the right in female compared with male IVC, suggesting reduced [Ca 2ϩ ]i sensitivity of the venous contractile myofilaments. The reduced contraction, [Ca 2ϩ ]i, and [Ca 2ϩ ]i sensitivity in female veins render them more prone to dilation. These sex-specific reductions in venous function, if they also occur in human veins, may play a role in the greater incidence of varicose veins in females.
calcium; sex hormones; vascular smooth muscle; vein VARICOSE VEINS IS A COMMON disease of the lower extremity characterized by vein valve degeneration and wall dilation and turtuousity (40) . In addition to predisposing factors such as diabetes, obesity, smoking, and age (2, 45) , sex could influence the incidence of varicose veins. Epidemiology studies have suggested that the incidence of varicose veins is greater in females compared with males (4, 49) . The Framingham Heart Study demonstrated that the incidence rate of varicose veins was 2.6% in women compared with 1.9% in men (6) . Also, the San Diego Population Study, a cross-sectional study of a multiethnic sample of 2,211 adult men and women, demonstrated varicose veins in 28% of females compared with 15% of males (10, 11) . However, the venous mechanisms underlying the sex differences in the incidence of varicose veins are unclear.
Most of our knowledge regarding the sex differences in vascular function comes from studies in arteries. Several studies have demonstrated sex differences in the vascular reactivity of the aorta, coronary, and mesenteric arteries from various species (1, 29, 33, 38, 46, 54, 56) . We have also shown that aortic contraction is reduced in female compared with male Wistar-Kyoto and spontaneously hypertensive rats (9, 35) . Although numerous studies have demonstrated sex differences in arterial function, little is known regarding the venous function in females compared with males. Also, while some studies have examined the cellular mechanisms of venous smooth muscle contraction (23, 24, 34, 55) , whether these mechanisms are influenced by sex is unclear.
The present study was designed to test the hypothesis that the venous tissue reactivity is influenced by sex and that the sex differences in venous function reflect underlying distinctions in intracellular free calcium, [Ca 2ϩ ] i , signaling and Ca 2ϩ -dependent mechanisms of venous contraction.
METHODS

Animals.
Age-matched male and female Sprague-Dawley rats (12 wk, 250 -300 g) were purchased from Charles River Laboratories (Wilmington, MA) and maintained in the animal facility on ad libitum standard rat chow and tap water in 12:12-h light-dark cycle. The specific stage of the estrous cycle in female rats was not determined in the present study. Synchronization of adult female rats at a specific stage of the estrous cycle would require the administration of exogenous estrogen and progesterone and abortifacient drugs such as prostaglandin F 2␣, which could change the vascular reactivity and thus would affect the measurements of the contractile response in the veins. Therefore, female rats were studied using random selection regardless of the stage of the ovarian cycle. Since the ovarian cycle in rats is frequent (every 4 to 5 days) and the estrous stage is short (12 h), the average data from all female rats should cancel out the effects of possible fluctuations in sex hormone levels at specific stages of the ovarian cycle and should, roughly, represent the average changes in vein function during all stages of the ovarian cycle. All procedures followed the National Institutes of Health Guide for the Care of Laboratory Animal Welfare Act and were approved by Harvard's Animal Care and Use Committee.
Tissue preparation. On the day of the experiment, rats were euthanized by inhalation of CO 2. The inferior vena cava (IVC) was rapidly excised, placed in oxygenated Krebs solution, carefully dis-sected and cleaned of connective tissue under microscopic visualization, and portioned into 3-mm circular segments. The IVC is a very thin and delicate preparation, and extreme care was taken throughout the tissue isolation and dissection procedure to minimize tissue injury.
Isometric contraction. Circular segments of IVC were mounted between two home-made cuvet-adaptable stainless-steel hooks; one hook was fixed at the bottom of the cuvet, and the other hook was connected to a Grass force displacement transducer (FT03; AstroMed, West Warwick, RI). Vein segments were stretched under 0.5 g of basal tension and allowed to equilibrate for 45 min in a waterjacketed cuvet filled with 3 ml of Krebs solution bubbled with 95% O 2-5% CO2 at 37°C. We have previously constructed the relationship between basal tension and the contraction to 96 mM KCl in rat IVC, and demonstrated that 0.5 g basal tension produced maximal KCl contraction. Further increases in basal tension did not cause any significant increases in IVC contraction in response to KCl (41) . The bathing solution was changed every 10 min. The changes in isometric contraction were recorded using a Grass Polygraph D.C. Driver Amplifier and a chart recorder.
Simultaneous measurement of [Ca 2ϩ ]i. The unloaded IVC was mounted in the cuvet and placed in a double-excitation doubleemission Fluorolog-3 spectrofluorometer (Instruments S.A., Jobin Yvon-SPEX, Edison, NJ). After measuring the autofluorescence, the IVC segments were incubated in Krebs solution containing the cellpermeable Ca 2ϩ indicator fura-2/AM (5 M), BSA (3 mg/ml), and the mild detergent cremophor EL (0.25%) for 3 h, as previously described (24, 48) . The IVC was washed 3 times in Krebs solution to remove extracellular fura-2/AM, and incubated in normal Krebs for an additional 30 min to allow for deesterification of the trapped intracellular fura-2/AM into the Ca 2ϩ -sensitive fura-2. The fura-2-loaded IVC was excited alternately at 340 and 380 nm, and the emitted light was collected at 510 nm every 2 s using DataMax data acquisition and analysis software (Instruments S.A. Statistical analysis. Data were analyzed and presented as means Ϯ SE, and data were compared using Student's t-test for unpaired data. Differences were considered statistically significant if P Ͻ 0.05.
RESULTS
In male IVC loaded with fura-2 and incubated in normal Krebs solution (2.5 mM Ca 2ϩ ), the basal [Ca 2ϩ ] i corresponded to a 340/380 ratio of 1.83 Ϯ 0.09, which was not significantly different from that in female IVC (1.76 Ϯ 0.09).
Effect of PHE. In IVC segments of male rats, the ␣-adrenergic receptor agonist PHE (10 Ϫ5 M) caused a significant contraction (Fig. 1A) , that reached steady state in 6.27 Ϯ 0.46 min (Table 1 ) and was maintained for at least 10 min. In female IVC, PHE induced a smaller contraction that reached steady state in 6.50 Ϯ 0.84 min (Table 1 and Fig. 1B) . Also, in IVC segments of male and female rats, PHE-induced contraction was associated with simultaneous increase in the fura-2 340-nm fluorescence signal, a decrease in the 380-nm fluorescence signal ( ] i during PHE-induced contraction. In both male and female IVCs the PHE-induced peak [Ca 2ϩ ] i preceded and reached steady-state before peak and steady-state contraction (Table 1 ). Cumulative data indicated that the PHE-induced steady-state contraction was significantly reduced in female compared with male IVC (Fig. 1G ). In contrast, the PHEinduced steady-state [Ca 2ϩ ] i was not significantly different between male and female IVC (Fig. 1H) .
Effect of KCl. High KCl solution is known to cause membrane depolarization and to induce Ca 2ϩ entry and Ca 2ϩ -dependent contraction in vascular smooth muscle (VSM) (26, 35) . High KCl (96 mM) caused significant contraction in IVC segments of both male ( Fig. 2A ) and female rats (Fig. 2B) . The KCl-induced contraction was rapid in onset, reached steady state within 5 to 7 min (Table 1) , and was maintained for at least 10 min. Also, in IVC segments of both male and female rats KCl caused an increase in the fura-2 340-nm fluorescence signal, a decrease in the 380-nm fluorescence signal (Fig. 2, C and D) and an increase in the 340/380 fluorescence ratio (Fig.  2, E and F ] i from 1.65 Ϯ 0.20 to 1.67 Ϯ 0.20 (Fig. 3, A and C) . In female IVC, stimulation with PHE caused significantly smaller contraction (0.008 Ϯ 0.008 g, P ϭ 0.002) and insignificant change in [Ca 2ϩ ] i from 2.06 Ϯ 0.22 to 2.20 Ϯ 0.26 (Fig. 3, B and D) . In male IVC, stepwise addition of extracellular Ca 2ϩ caused corresponding increases in PHE-induced contraction (Fig. 3A) and simultaneous increases in [Ca 2ϩ ] i (Fig. 3C) (Fig. 3D) . The PHE-induced [Ca 2ϩ ] e -contraction curve was significantly reduced in female compared with male IVC (Fig. 3E) . On the other hand, the PHE-induced [Ca 2ϩ ] e -[Ca 2ϩ ] i curve was not significantly different between male and female IVC (Fig. 3F) .
KCl ] i from 1.94 Ϯ 0.17 to 2.04 Ϯ 0.14 ( Fig. 4, A and C) . In female IVC, stimulation with 0 Ca 2ϩ KCl (96 mM) caused a small contraction (0.026 Ϯ 0.012 g) and little change in [Ca 2ϩ ] i from 1.62 Ϯ 0.14 to 1.73 Ϯ 0.15 (Fig. 4, B and D) . The KCl-induced contraction in 0 Ca 2ϩ medium was significantly greater in male compared with female IVC (P ϭ 0.048), but no significant sex differences in [Ca 2ϩ ] i were detected under these conditions. In male IVC, stepwise addition of extracellular Ca 2ϩ (0.1, 0.3, 0.6, 1, and 2.5 mM) caused corresponding increases in KClinduced contraction (Fig. 4A) (Fig. 4D) male rat IVC (Fig. 5A) . In contrast, the PHE-induced [Ca 2ϩ ] icontraction relationship was reduced and located to the right in female compared with male IVC (Fig. 5B) .
DISCUSSION
The present study demonstrates sex differences in venous tissue [Ca 2ϩ ] i and Ca 2ϩ -dependent contraction. Depolarization-induced contraction is reduced in parallel with [Ca 2ϩ ] i in female compared with male IVC. The ␣-adrenergic agonistinduced contraction and sensitivity to [Ca 2ϩ ] i are reduced in female compared with male IVC.
There is a large body of evidence that [Ca 2ϩ ] i is a major determinant of vascular contraction (20, 25, 26, 44) . We found that during stimulation of both male and female rat IVC with KCl or PHE, the time-to-peak and time-to-steady-state [Ca 2ϩ ] i preceded the time-to-peak and time-to-steady-state contraction ( Table 1 release from the intracellular stores. Because the intracellular stores are limited, the maintained PHE contraction is largely due to Ca 2ϩ influx from the extracellular space. Although some studies suggest that ␣-adrenergic agonists stimulate Ca 2ϩ entry through voltage-gated channels (37), several studies have suggested activation of receptor-operated, ligand-gated, and storeoperated channels (3, 20, 27, 28, 57) . Assuming that the KCl response is mainly due to Ca 2ϩ entry through voltage-gated channels, the [Ca 2ϩ ] i profile during IVC stimulation with PHE may involve activation of other Ca 2ϩ entry pathways, such as receptor-operated, ligand-gated, and/or store-operated channels.
Several studies have shown sex differences in vascular contraction in numerous arterial preparations, and demonstrated that the arterial contraction is reduced in females compared with males (9, 33, 35, 38) . On the other hand, little is known regarding the influence of sex on venous tissue function. The present study demonstrates sex differences in PHE-and KCl-induced contraction of rat IVC, with the contraction in females being reduced compared with that in males. Data are expressed as means Ϯ SE; n ϭ number in parenthesis. P value represents the differences between measurements in female inferior vena cava (IVC) and the corresponding measurements in male IVC. PHE, phenylephrine.
We examined the potential mechanisms underlying the sex differences in IVC contraction. The sex difference may be partly due to differences in the Ca 2ϩ -release mechanisms from the intracellular stores because PHE-induced contraction in 0 Ca 2ϩ Krebs was significantly greater in male than female IVC. The sex differences in the Ca 2ϩ release mechanisms in rat IVC is different from previous reports demonstrating the lack of sex differences in the Ca 2ϩ release mechanisms in the rat aorta (9, 35) . The sex differences in IVC contraction could also be due to differences in voltage-gated Ca 2ϩ channels because (9, 35) . The reduced Ca 2ϩ entry in female IVC could be due to decreased amount or activity of voltagegated channels in venous smooth muscle of females and should be examined in future biochemical and electrophysiological studies.
Despite the potential involvement of voltage-gated Ca 2ϩ channels, the sex differences in IVC contraction do not appear to involve differences in ligand-gated channels because 1) PHE contraction was reduced, but [Ca 2ϩ ] i was similar in female compared with male IVC; 2) the PHE-induced [Ca 2ϩ ] e -contraction curve was reduced in female compared with male IVC, -calmodulin and myosin light chain kinase, Rho-kinase and mitogen-activated protein kinase may contribute to VSM contraction (15-17, 22, 50) . Also, PKC has been suggested to play an important role in the regulation of VSM contraction, in part by increasing the [Ca 2ϩ ] i sensitivity of the contractile proteins (19, 21, 47) . We have previously reported sex-related distinctions in PKC activity in rat aortic smooth muscle (18) . The present observation that the PHE-induced [Ca 2ϩ ] i -contraction relationship is reduced in female IVC is consistent with previous reports in arterial smooth muscle and suggests reduced activity of [Ca 2ϩ ] i sensitization pathways such as PKC or Rho-kinase in venous smooth muscle of female rats.
There are several points that need further explanation and clarification:
1) It could be argued that the sex differences in vein contraction are caused by differences in the amount of contractile myofilaments. This is less likely because our prelimi- nary Western blot experiments revealed that the amount of actin was similar in protein-matched specimens of male and female IVC (39) .
2) The present study used the fura-2 ratiometric method as an indicator of [Ca 2ϩ ] i . Although this method provides an indirect measure of [Ca 2ϩ ] i , it has the advantage of not requiring cell membrane permeabilization, which could affect the receptor-mediated response. Future studies in ␣-toxin permeabilized IVC would allow manipulation of intracellular Ca 2ϩ and further test for changes in Ca 2ϩ sensitivity of the contractile myofilaments in female compared with male veins.
3) In the present study 95% O 2 -5% CO 2 was used to oxygenate the vein rings bathed in Krebs solution, which might provide a hyperoxygenated environment, increase uncoupled endothelial nitric oxide synthase (eNOS), and, in turn, produce superoxide instead of nitric oxide (NO) (53) and thereby impair endothelial function in our experimental setup. Studies have shown that estrogen increases eNOS expression and NO production (30) and suppresses the production of reactive oxygen species, such as superoxide in the vasculature (43, 51) . We have also shown that the plasma levels of estrogen are greater in female than male rats (18, 35) . Also, our preliminary experiments have demonstrated that acetylcholine-induced relaxation is significantly enhanced (P Ͻ 0.01) in female IVC (max 80.59 Ϯ 4.06%) compared with male rat IVC (48.02 Ϯ 6.07%) and that estrogen causes significant inhibition of PHE contraction (max 76.53 Ϯ 3.44%) in female IVC (39) . Our previous studies on the rat aorta have also shown that estrogen does not affect the Ca 2ϩ release mechanism, but inhibits Ca 2ϩ entry (35) . These observations suggest that the sex differences in IVC reactivity could be partly due to an effect of residual estrogen in the female veins on endothelial NO production/ biological activity, or other endothelium-derived factors such as prostacyclin or hyperpolarizing factor, or on VSM Ca channel activity. This is less likely because the veins were dissected and washed repeatedly in Krebs solution before starting the experiments. Therefore, the reduction in PHE and KCl contraction in female IVC is more likely due to long-term effect of endogenous estrogen on the mechanisms of contraction of female veins and possible estrogen-mediated downregulation of the Ca 2ϩ channel density. However, a possible role of innate biological differences between male and female veins cannot be ruled out.
4) The present study was performed on endothelium-intact IVC segments, and the sex-related reduction in PHE and KCl contraction in female IVC can be due to effects of endogenous estrogen on both endothelium-dependent and endotheliumindependent mechanisms. Although the rat IVC is a very thin and delicate tissue, we were able to carefully preserve the endothelium during the dissection procedure and to measure significant acetylcholine-induced relaxation in the rat IVC (39) . In preliminary experiments, we attempted to remove the endothelium using traditional methods, such as rubbing the vein interior around the tip of forceps or with filter paper. Unfortunately, these harsh methods appeared to cause significant injury to the VSM layer, and the response to either PHE or KCl was almost undetectable in these veins. Another approach to minimize the role of the endothelium is to block not only the endothelium-derived NO, but also prostacyclin and hyperpolarizing factor using a cocktail of nitro-L-arginine methyl ester, indomethacin, and K ϩ channel blockers, respectively. Future studies should examine whether such a multifaceted intervention would eliminate the sex differences in PHE and KCl contractions in rat veins (suggesting that the sex differences involve endothelium-dependent mechanisms) or the differences would still be observed in veins treated with blockers of endothelium-derived vasodilators (suggesting that the sex differences involve endothelium-independent mechanisms).
5) Previous studies in rat aorta have demonstrated sexrelated difference in contraction of the aorta of intact female compared with intact male rats (35, 52) . Studies have also shown that both androgens and estrogens influence vascular function (8, 12, 14) . Interestingly, we found that aortic VSM [Ca 2ϩ ] i was not different in castrated male compared with intact male rats, suggesting that the sex differences in arterial function may not be related to endogenous androgens (35) . On the other hand, aortic VSM [Ca 2ϩ ] i was greater in ovariectomized (OVX) female rats compared with intact female rats, and the difference was eliminated in estrogen-replaced OVX females, suggesting a role of endogenous estrogen in the control of the [Ca 2ϩ ] i mechanisms of arterial contraction (35) . Whether endogenous estrogen compared with androgens plays a role in the observed sex differences in venous [Ca 2ϩ ] i is unclear and should be examined in future studies.
Finally, Although the rats used in the present study were postpubescent, they were still relatively young. Whether the observed sex differences in vein function are maintained during longer periods of exposure to sex hormones in more mature rats should be examined. More importantly, it would be interesting to test whether the sex differences in vein function are maintained, or abolished, with old age and in the postmenopausal period.
In conclusion, the present study provides evidence of sex differences in venous tissue contraction and demonstrates that the [Ca 2ϩ ] i , Ca 2ϩ -dependent contraction, and the myofilament contraction sensitivity to [Ca 2ϩ ] i are reduced in female compared with male rat IVC. The role of endogenous sex hormones in the reduced mechanisms of contraction in female veins should be further investigated in future studies.
Perspectives and Significance
Reduction in the contraction, [Ca 2ϩ ] i , and [Ca 2ϩ ] i sensitivity in female veins should render them more prone to dilation. We should caution that the present study was conducted on rat IVC. Although the rat is a four-legged animal, the rat is a consistent breed, and studies on rat veins can avoid the variability related to age, body weight, and other confounding factors that are encountered in studies on human veins. Also, our preliminary studies on the rat IVC have produced consistent contractile response (41, 42) , making it a reliable model to perform mechanistic studies on venous tissue and to test the mechanisms underlying the sex differences in venous function. To enhance the relevance of the studies to lower extremity veins, future mechanistic studies need to be performed on rat iliac and femoral vein. Also, to enhance the relevance of the studies to human varices, future mechanistic studies need to be performed on human greater saphenous vein from males and females. Although the present results were demonstrated in the rat IVC, the observed sex-specific reductions in venous function, if they also occur in human veins, may play a role in the greater incidence of varicose veins in females. Future studies on more relevant peripheral rat veins such as the femoral or iliac veins, as well as in human saphenous vein, should help to further define the causes of the sex differences in venous function and the incidence of varicose veins.
